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Abstract 
A cold worked multifilamentary Cu/Nb-47w%Ti wire was annealed at a temperature of 375°C for various times from 
2 minutes up to 100 hours. Filaments were extracted from copper matrix by etching. With the attempt to improve 
understanding of superconducting properties, extracted filaments were tested with a Vibrating Sample Magnetometer 
(VSM) as a function of field over a wide temperature range. The Ic curves were obtained from the magnetization 
cycles at different temperatures, and the normalized pinning forces (fp) were plotted as a function of the reduced 
applied field (b). For each sample, it was found that the fp peak clearly shifts to lower fields as the temperature 
approaches Tc. Further, the pinning curves also depended on the annealing time. The fp vs. b curves were reproduced 
with the 2-components model which recently has been developed and successfully validated on a number of 
optimized NbTi commercial strands. Results are discussed in terms of current pinning models, also in comparison 
with results of microstructural characterization. 
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1. Introduction 
In the past, several studies have been carried out in order to understand the pinning behaviour of  NbTi 
superconductors. Yamada et al. [1] studied the effects on NbTi, NbTiHf and NbTiTa of successive cold-
working, annealing and cold-working treatments. Wada et al. [2], discussed on temperature scaling of 
pinning curves of different NbTi composites. Lee and Larbalestier [3] used transmission electron 
microscopy to investigate the effect of varying heat treatment temperature and duration on the 
microstructure of high current density NbTi superconducting composites, highlighting the role and 
structure of the normal precipitates created during the optimized manufacture processes. Critical 
Available online at www.sciencedirect.com
© 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the Guest Editors.
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 Chiarasole Fiamozzi Zignani et al. /  Physics Procedia  36 ( 2012 )  1406 – 1411 1407
supercurrents and the pinning of vortices in heavily cold-worked commercial Nb-60at%Ti, have been 
studied by Hampshire and Taylor [4], while a quantitative description of a high Jc NbTi superconductor 
during its final optimization strain has been performed by Meingast, Lee and Larbalestier [5, 6]. More 
recently, Bormio Nunes has studied the diffusion between Nb and Ti related to superconductor wire 
processing [7], and considered the composition gradient as a source of pinning in NbTi and NbTa-Ti 
superconductors [8]. 
In the past years, the pinning behaviour of commercial NbTi strands has been studied at ENEA, and a 2-
components model was developed with the aim to fit the Jc in a wider range of temperatures and fields 
[9].In order to get a deeper insight into the physical meaning of the 2 components, now we present a study 
on non-optimized NbTi samples, in which the micro-structure evolution is strictly controlled by means of 
thermal treatments duration. 
 
Table 1. NbTi filament samples 
 
 
2. Experiments
Samples have been obtained from NbTi wires originally produced by Luvata Pori. Several wires were 
drawn to final size without intermediate stage thermo-mechanical treatments. Wire samples were first 
cold worked (99.875%); they were all annealed at 375°C but one, for various annealing times up to 100 
hours. Only one sample, after 100 hours heat treatments, underwent an additional cold work treatment. 
Magnetic measurements were performed using a commercial VSM (Oxford Instrument). The equipment 
has been calibrated by measuring the voltage signal induced by a Ni rod on the two pick-up coils, which 
allows for the determination of the calibration constant. Filaments were extracted from each wire, by 
etching the stabilizing Cu, and cut with lengths in the range of 3-5 mm, to allow insertion in the VSM 
sample compartment, and have been mounted on a PEEK sample holder and secured with PTFE tape, 
perpendicularly to the applied field. The hysteresis loops have been collected during a stable temperature, 
applied field ramp at d(ȝ0H)/dt|T=constant = 0.4 T/min. An extended characterization of the wires has been 
performed: magnetization cycles were measured, as a function of field, for temperatures ranging from 
4.2K to 8.5-8.7K.  
Filament samples critical current densities (Jc), were obtained from the magnetization measurements 
by means of the Bean Model [10, 11]. For cylindrical samples positioned perpendicularly to the magnetic 
field, we used the expression: J =30S'M/4d, where 'M is referred to the difference between the positive c
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and the negative branches of the hysteresis loop (expressed in emu/cm3) and d denotes the diameter of the 
superconducting filaments (expressed in cm). 
3. Results and analysis 
 
 
Fig.1. Normalized pinning forces versus reduced magnetic field at different temperatures for all samples. 
By means of magnetization measurements, experimental pinning forces have been computed, as the 
product of critical current density and magnetic field. Fig.1. reports normalized pinning force curves, 
measured between 4.2K and 8.7K, versus reduced magnetic field b= B/B (T), BirrBirr B  being the  
irreversibility field, for all samples. It can be noted the tendency, for all samples, of the peak to shift 
toward the lower reduced fields as the measurement temperature approaches the critical temperature. In 
other means, a temperature non-scaling is observed, and in the high reduced field zone the pinning 
become less effective by increasing temperature. 
In particular, CW sample clearly shows the occurrence of peak effect [12], as typically observed in 
weakly pinned materials whose J  rises to a local maximum, just prior to dropping to zero at Hc c2. Both 
rigid lattice and plastic lattice [12] mechanisms have been proposed for the explanation of the observed 
high field Jc maxima. The former approach originates in the suggestion that, as the applied field becomes 
close to Hc2, the flux lines are pressed together so closely that their hard cores interact to form a rigid 
structure, with which an enhanced bulk pinning force is associated. Following the second approach, the 
lattice begins to soften near Hc2 and fluxoids are able to readjust their positions to take advantage of the 
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available pinning centers, thus maximizing the bulk pinning force just prior to complete disordering the 
lattice at Hc2.  
In general [12], it is found that in a sample the number of pinning sites intercepted by the flux lattice is 
increased by: increasing the degree of deformation, applying proper heat treatments, or rotating into a 
more favorable orientation. In this ways the Jc at intermediate values of reduced field increases, and in so 
doing submerges the peak. This behavior corresponds to what is reported in Fig. 1, where the peak at high 
reduced fields disappears as the HT duration increases. The peak effect, brought about by the premature 
onset of flux flow, can be observable at high detection sensitivity (the sub P-level), and disappears when 
it is reduced by several orders of magnitude (e.g., to a 200 PV criterion) [13].  
All curves in Fig. 2 (with the exclusion of the CW sample) have been fitted to the 2-component model 
recently developed by ENEA [9, 14 ], and successfully applied to commercial NbTi strands. The pinning 
curves’ shapes and the observed temperature non-scaling give an indication that, even in the case of non-
optimized NbTi wires, two concurring pinning mechanisms are acting, with different temperature 
dependence. This model assumes that two pinning force expressions can be directly summed up, and we 
can write the overall bulk pinning force as follows: 
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where C1 and C2 are the temperature (T) dependent weights of each component, including the direct 
dependence of the pinning force on the upper critical field Bc2. For each sample, the complete Fp(B,T) 
dataset can be fit with a unique set of D1, E1, D2, E2 parameters, up to a temperature sufficiently below Tc, 
to avoid the influence of spurious phases by approaching the transition. Once the pinning parameters (Di, 
Ei) are frozen to certain values, fits are  performed by allowing only the C1 and C2 weights to vary. In 
particular, for samples 2M, 18M, 50M, 3H and 100H it was found that a set of D1-2 and E1-2 parameters 
can fit data between 4.2K and 7K. 
In Fig. 2 (a) and (b) all the measured pinning forces are plotted as a function of field at 4.2K and at 7K, 
respectively. We note that, both at 4.2K and at 7K, the pinning force at low fields raises as the heat 
treatment duration increases, and the peak of the pinning force shifts to lower fields. The pinning force at 
high fields immediately increases with a short annealing (2M) and it decreases for annealing treatments 
longer than 3 hours. It is interesting to note that the irreversibility fields (BBirr) remains unchanged for all 
treatments durations shorter than 100 hours, whereas a slight decrease is observed for sample 100H, 
possibly owing to Ti bulk depletion for such long heat treatments; the value of the irreversibility field is 
then restored with a subsequent cold working (dark yellow curve in figure). 
In Fig. 3 the results obtained for sample 3H are shown. In Fig. 3(a) Fp curves versus reduced field are 
reported, together with corresponding 2-components fits at each temperature. In Fig. 3(b) the normalized 
pinning forces fits from 4.2K to 7K are presented. 
The continuous lines represent the full summation of the 2 contributes, whereas the dashed and the 
dotted-dashed lines represent the first and the second components of the fit, respectively. It is worth 
observing that, in spite of the fact that, from 4.2K to 7K, the overall normalized pinning force do not scale 
with temperature (Fig. 3b), the relative weight of the first (high field) component decreases with respect 
to the lower field one, so that each of them perfectly scales with temperature. 
We define b  and bm1 m2 as the reduced fields at which the first and the second component of the pinning 
force fit have their maximum, and we plot them in Fig. 4. Neither b  nor bm1 m2 depend on temperature; this 
confirms that, despite the temperature non-scaling of the total pinning force, for each sample the single 
components do scale with temperature. In addition, b  and bm1 m2 do not depend on the annealing time, 
indicating the pinning mechanism remains unvaried in all cases. 
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Fig. 2 Pinning forces versus field curves for NbTi samples subjected to different HTs durations (a) measurements at 4.2K; (b) 
measurements at 7K. 
 
Fig. 3 (a) Pinning force curves and corresponding fits versus reduced field for sample 3H at different temperatures; (b) sample 3H 
normalized pinning forces fits from 4.2K to 7K (continuous lines), high field component (dashed lines) and low field component 
(dashed-dotted lines) of the fits. 
 
 
Fig. 4 fields at which the first and the second pinning component have their maximum, as a function of the temperature for all fitted 
samples. (a) b , (b) b . m1 m2
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4. Discussion and conclusions 
The very complete micro-structural analyses, performed on these samples by Luvata [15], show that 
the cold working process introduces in the samples a number of pinning centres, such as dislocation and 
vacancies. Upon heat treatments, the system undergoes an immediate internal stress relaxation, and, 
particularly from x-ray diffraction measurements, it was observed that, for HTs shorter than three hours, 
the samples present Ti enrichment in domain walls. Only for HTs longer than three hours a normal Ti 
precipitation occurs in domain walls; moreover, since the peaks in Nb do not change with HTs duration, it 
can be deduced that the precipitates are forming in the domain walls and not in the bulk of the material. 
After 3 hours, all vacancies are occupied by normal precipitates, and longer heat treatments only grow the 
precipitates’ size, with Ti diffusing out and depleting the bulk, while reducing the Ti gradients around 
precipitates. 
In the attempt to describe these non-optimized NbTi samples by means of the two components model, 
these results point toward an interpretation of the low field pinning component as due to core pinning on 
Ti-enriched phases, particularly evident when the normal precipitates are present; regarding the high field 
component of the pinning force, we believe that this can be ascribed to the presence of Nb/Ti 
concentration gradients, that act as pinning centres [8]. After the precipitation of D-Ti, occupying all 
vacancies and domain walls, additional heat treatments cause their growth in size, as well as a decrease of 
the concentration gradients surrounding them. As a consequence, Birr and the high field component’s 
strength decrease, and the fp peak shifts back to lower reduced fields. 
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